A newly developed laboratory grazing-incidence small-angle X-ray scattering GISAXS system capable of statistical measurements of surface morphology at the nanometer scale was developed. The potential of the GISAXS system is compared to the AFM technique for a nanopatterned silicon surface produced by ion-beam erosion. The characteristic period of the ion-beam induced ripples and their lateral correlation length were estimated from AFM. Using GISAXS the reciprocal space map of surface morphology was measured and analyzed. The two microfocus X-ray sources emitting radiation at the Cu-K α and Cr-K α were used. The lateral periods of ripples obtained by the reciprocal space mapping techniques match the results of real space techniques. The setup has the potential to monitor and control the deposition process and formation of nanostructures with sufficient temporal and spatial resolution.
INTRODUCTION
ANOSTRUCTURED surfaces and interfaces represent a challenge for current science and technology. Traditional approaches relying on the "top-down" technologies like nanolithography are expensive, rather slow and limited in terms of projection area. Emerging "bottomup" technologies based on the self-organization can provide a viable solution to certain problems related to modification of interfaces at nanoscale. There is a need to apply a new non-local technique allowing an in-situ monitoring and control of the deposition process leading to formation of nanostructures at surfaces and interfaces. The method should be compatible with standard requirements of the PVD and CVD techniques and fast enough to monitor the evolution of nanostructures during the deposition process. In this contribution we present a novel table-top grazingincidence small-angle X-ray scattering (GISAXS) system suitable for monitoring and control of the ion-beam erosion technique [1, 2] . The GISAXS results are compared to the real space atomic force microscopy (AFM) technique.
SUBJECT & METHODS
The ion-beam induced ripples on the silicon substrate were prepared by an experimental technique described in detail by Ziberi et al. [3] . Prior to inspection the sample was ultrasonically cleaned in chloroform and dried in a stream of nitrogen gas. Finally, the surface of the sample was cleaned in a home-built UV-ozone reactor working with ambient air and low pressure Hg lamp. The surface morphology was inspected by a commercial AFM device (Dimension Edge, Bruker AXS) employing a tapping imaging mode (cantilever OTESPA, Bruker AXS). The GISAXS system is a homebuilt apparatus based on the microfocus X-ray source equipped with a focusing Montel optics (IμS, Incoatec). In this study we used two X-ray sources emitting the radiation at Cu-K α (λ=0.154 nm) and Cr-K α (λ=0.229 nm) lines. The size of the focused X-ray beam at 560 mm distance from the source was 0.25 mm in terms of full width at half maximum (FWHM) and the divergence was 5 mrad. Fig. 1a and Fig. 1b show a scheme and photograph of the experimental setup, respectively. The X-ray source is attached via a rotation stage to a vertical linear stage. This setup allows a precise adjustment of the X-N ray beam and the sample surface. A collimation block consists of two pinholes. The first pinhole blocks the nonspecular scattering from the Montel optics. The second pinhole forms the X-ray beam. In our case, the second pinhole was a circular one with a diameter of 100 μm drilled by a laser beam into a 0.25 mm thick tungsten foil. The distance between the two pinholes is 100 mm. The measured divergence of the collimated X-ray beam is 0.8 mrad that corresponds to theoretical resolution of 0.03 nm -1 in the reciprocal space. The sample is located at a compact rotation stage supported by a vertical linear stage. The distance between the second pinhole and the sample is 80 mm. The scattered X-ray radiation is detected by a two dimensional semiconductor X-ray detector (Pilatus 100K, Dectris). The detector allows time-resolved measurements with the exposure time down to 5 ms. The distance between the sample and detector was set to 600 mm. The direct beam was stopped by a tungsten beamstop located in front of the detector. 
RESULTS & DISCUSSION
The AFM image of the sample surface is shown in Fig. 2a . The scan area was 5x5 μm 2 with a step size of 4.9 nm. The AFM image of the ion-beam etched silicon substrate shows periodical ripples with typical amplitude of approx. 1 nm. The rms (root mean square) roughness of the total scanned area is 1.3 nm. The averaged power spectral density (PSD) function calculated over all scanned lines in horizontal direction is shown in Fig. 2b. A gives a mean ripple period Λ=61.6±0.6 nm. The broadening of the peaks in the PSD function indicates a gradual loss of the long-range order classified also as a second-type disorder [5] . In the first approximation, the widths (FWHM) of the peaks δq vary as a linear function of the lateral frequency q [6, 7] . 
Here δq 0 =2π/ξ where ξ is the lateral correlation length of the ripples and γ is the disorder parameter [2] . The inset of Fig. 2b shows a linear fit of the experimental peak widths. Based on the fit parameters, the value of the lateral correlation length is ξ=2.1±0.6 μm. The disorder parameter γ=7.5±0.5%. The GISAXS technique is a non-contact measurement technique recording the reciprocal space image of the interface morphology [8] . Usually, the GISAXS studies have been confined to synchrotron beamlines because a collimated, monochromatic beam with a high brilliance is required. Here we present GISAXS reciprocal space maps obtained by a modular laboratory GISAXS system developed at the Institute of Physics SAS. Fig. 3a and Fig. 3b show the reciprocal space maps measured by Cu-K α and Cr-K α lines, respectively. The collimation apertures were identical in both experimental setups. The intensity of the primary beam for the Cu-K α line is 10x higher than that of the Cr-K α line measured at the detector position. The reason is the higher power output of the Cu-K α X-ray source and lower air absorption at this emission line. Therefore, the space map recorded with the Cu-K α radiation has a higher dynamical range and more scattering maxima are visible. For the analysis we integrated the horizontal line cuts for q z value in the interval between 0.5 nm -1 and 1 nm -1 . The integration results are shown in Fig. 4a and Fig. 4b for Cu-K α and Cr-K α reciprocal space maps, respectively. The width of the scattering peaks is in both cases given by the instrumental resolution of the GISAXS apparatus. Assuming the large lateral correlation length of the periodic ripple structure (more than 2 μm as calculated from the AFM data), we can use the width of the scattering peaks to determine the instrumental resolution of the GISAXS apparatus. For the Cu-K α data (Fig. 4a) , the instrumental resolution based on the fitted width (FWHM) of the peaks is 0.042±0.001 nm -1 that corresponds to the maximum resolvable period of 150±4 nm in the real space. The same procedure for the Cr-K α data (Fig. 4b) provides the instrumental resolution of 0.034±0.002 nm -1 that corresponds to 185±11 nm in real space. The instrumental resolution values obtained agree well with the calculated value of 0.03 nm -1 based on the geometrical considerations. The better instrumental resolution in the case of the Cr-K α emission line is attributed to the X-ray wavelength 1.5x larger than for the Cu-K α emission line as all other experimental parameters remained unchanged. For a single surface the scattering intensity along the q y direction is proportional to the PSD of the surface height function. This is valid within the Born approximation [9] and in the limit of low surface roughness [10] . The separation of the adjacent scattering peaks Δq corresponds to the period Λ=2π/Δq of the surface structure. The values Δq and Λ obtained from fitting the experimental data by Gaussian function are summarized in Tab. 1 together with the data from the AFM analysis. The values of surface period Λ provided by GISAXS technique at the two distinct X-ray emission lines coincide within the standard deviation limits. The slightly larger value of the period Λ estimated by the AFM is due to the local character of the scanning probe technique which is restricted to a randomly selected inspection area of some 25 μm 2 . On the contrary, the footprint of the probing X-ray beam on the sample surface is approximately 0.4 cm 2 which guarantees a non-local averaged value of the surface period obtained. The advantage of the AFM technique over the GISAXS lies in the inherently larger interval for probing the lateral correlation length. The GISAXS X-ray wavelength is some 50x smaller than the nominal tip radius of the conventional AFM cantilever. A highly collimated X-ray beam is required to probe lateral correlation length at micrometer scale which is available at the 3 rd generation synchrotron beamlines [2] .
CONCLUSION
In this contribution we presented an innovative laboratory GISAXS system capable of statistical characterization of surface morphology at the nanometer scale. Traditional scanning probe techniques are not suitable for the in-situ monitoring and control as they are local and working in the proximity of the inspected surface. On the contrary, the GISAXS is a non-local technique capable of giving fast statistical information on the surface morphology . The low scattering cross-section of the emission X-ray lines used allows the GISAXS measurement to be performed at atmospheric pressure without a significant deterioration of the data quality. We compared the AFM and GISAXS techniques using a silicon surface etched by ion-beam sputtering. The mean period of the ion-beam induced ripples at sample surface estimated by the GISAXS technique matches well the period obtained from the AFM measurements.
